Soybean (Glycine max (L.) Merrill) is the most important leguminous crop in the world due to the high contents of protein and oil, and accumulation of various physiologically active substances. However, most of the genomic and economic traits in soybean are quantitative, controlled by multiple genes and easily affected by environmental conditions. Based on recombinant inbred lines (F 8 ), a genetic linkage map with 177 RFLP, 150 SSR, 28 AFLP markers and 5 phenotypic markers was constructed. The map covered a distance of 2663.6 cM of the soybean genome comprising 20 linkage groups. The average distance between two adjacent marker loci was 7.89 cM. In this population, we detected thirty-nine QTLs for all the reproductive development and seed quality traits investigated, that is, three for flowering time (FT1-3), four for maturity (HAV1-4), three for reproductive period (RP1-3), three for seed hardness (RAS1-3), five for viability of seed (VIS1-5), four for germination rate of seed (GRS1-4), five for water absorbability of seed (WAS1-5) and twelve QTLs for seed weight (SWE1-6 and SWH1-6). Out of these QTLs, twenty-eight were detected in nearly the same regions of the linkage map by both IM (interval mapping) and CIM (composite interval mapping) analysis. The proportion of variance explained of these QTLs ranged from 3.4 % to 67.1 %. Epistatic interactions were detected among various QTLs. Especially there was a strong interaction among the effects of FT1 and FT2, and FT1 and FT3. Multiple correlation coefficients between FT1 and FT2, and FT1 and FT3 accounted for 79.6 % and 74.1 % of the phenotypic variation of flowering time, respectively.
Introduction
Soybean (Glycine max (L.) Merrill) is the most important leguminous crop in the world due to its high content of high quality protein for food and feed, and a capacity of oil production for food and industrial materials. Recently, many physiologically active substances have been identified in soybean seeds and soybean has been considered to be a very important crop for human health.
The traits associated with reproductive development including flowering time, maturity and reproductive period are related to the adaptation of soybean to growth environments and they eventually affect the yield. Characteristics of soybean seeds are related to the productivity and processing of foods including Tofu, Miso and Natto.
These quantitative traits are controlled by multiple genes and are easily affected by environmental conditions. Genetic analysis of quantitative traits could be effectively performed by the use of QTL (Quantitative Trait Locus) analysis by constructing a linkage map covering a large region of the genome based on RILs (Recombinant Inbred Lines). The advantage of using a RIL population is that replicated experiments at different locations and/or times could be carried out and enable us to evaluate environmental effects.
QTL analyses in soybean were reported for the flowering time (Mansur et al. 1993 , Orf et al. 1999a , maturity (Mansur et al. 1996 , Lark et al. 1994 , seed weight (Mansur et al. 1993 , Maughan et al. 1996 , Orf et al. 1999b , seed size (Hoeck et al. 2003) , lipid and protein contents (Diers et al. 1992 , Lee et al. 1996 , Brummer et al. 1997 , Tajuddin et al. 2002 and seed hardness (Keim et al. 1990) . However there are only a few reports on QTL analysis for the traits associated with reproductive development and seed quality based on linkage maps of RILs with a high coverage of the soybean genome.
The objectives of our study were to construct a genetic linkage map covering a large region of the soybean genome using RILs and to analyze QTLs and their interactions associated with reproductive development and seed quality traits.
Materials and Methods

Plant materials and phenotypic investigations
A population of recombinant inbred lines (RILs) was derived from a cross between the soybean (Glycine max) cultivar Misuzudaizu and the line Moshidou Gong 503 for the construction of a linkage map and QTL analysis. Misuzudaizu is a cultivar developed at Nagano Chusin Agricultural Experiment Station in Japan, while Moshidou Gong 503 is a weedy line originating from Jinlin province, China that was obtained from the germplasm collection of the National Institute of Agrobiological Resources, Tsukuba, Japan. A total population of 156 RILs developed by single seed descent from the F 2 population was planted in the field of Matsudo campus, Chiba University, Japan, during the summer of 1998 to obtain F 8 seeds. Approximately 15 plants and 8 plants per line were used in 1999 and 2001, respectively for phenotypic investigations. The characteristics of these traits and the measurement criteria are summarized in Table 1 . Flowering time (FT) and seed weight were evaluated in 1999 and 2001. To determine the flowering time, maturity (HAV) and reproductive period (RP), the RIL population was sowed on June 5, 1999 in the Kashiwa field and on May 19, 2001 at the Matsudo campus of Chiba University and cultivated under standard conditions. For the characterization of the seeds, 50 seeds per line sterilized with 70 % ethanol were kept on a wet filter paper in the dark at 25°C. After 24 hours, the rate of seeds that absorbed water (RAS) and weight of the seeds that absorbed water (WAS) were determined, and after 4 days, the rate of germination (GRS) was evaluated. For the determination of the viability of seeds (VIS), the seeds that did not absorb water were scarified. Average seed weight (SWE) using 15 seeds per line was calculated in 1999 and average values of two measurements of hundred seed weight (SWH) were obtained in 2001.
The qualitative phenotypic characteristics including flower color (W), pubescence color (T), stem growth habit (Dt1), seed color (I) and presence of 11S globulin subunit A4 (Gly-3) determined by SDS-PAGE were scored and used as phenotypic markers.
Analysis of DNA polymorphisms Genomic DNA was extracted from the leaves of each selected individual by the CTAB method (Murray and Thompson 1980) . For RFLP analysis, the DNA was digested with eight restriction enzymes, ApaI, BamHI, BglII, DraI, EcoRI, EcoRV, HindIII and KpnI. Electrophoresis, Southern blotting and hybridization procedures were performed as previously described by Yamanaka et al. (2000) . SSR markers developed by USDA (Cregan et al. 1999) , Dupont Corporation and Chiba University (Hossain et al. 2000) were used and conditions for PCR, electrophoresis and detection of polymorphisms were the same as those described previously (Tajuddin et al. 2003) . The AFLP reaction was performed according to the method of Vos et al. (1995) with a slight modification using a combination of restriction enzymes EcoRI and MseI and 100 ng of genomic DNA as a template for the reaction. Details of this method were described previously (Hayashi et al. 2001) .
Construction of linkage map
From the linkage map constructed based on the F 2 population, which was the original population of RILs in this study, RFLP and SSR markers were selected for even distribution on all the linkage groups. The genotypes of these markers were scored against 156 progenies of the F 8 generation to construct a RIL linkage map. For the analysis, the data for heterozygous genotypes at all the genetic loci, were omitted, since the computer programs could not handle such data during the calculation. The linkage map was constructed by using the computer program MAPMAKER/EXP 3.0 (Lincoln et al. 1993 ) at a minimum given log of likelihood 
QTL analysis and statistical analysis
The presence of QTLs and their effects were calculated by interval mapping (IM) (Lander and Botstein 1989) and composite interval mapping (CIM) analysis (Zeng 1993) . Both IM and CIM methods were applied using QTL Cartographer version 2.0 (Basten et al. 2001) . A minimum LODvalue of 2.0 was selected to confirm the presence of a QTL in a given genomic region. When the peaks were detected only by IM analysis, we considered these to be false QTLs and they were not located on the linkage map. The LODvalue peaks detected by both IM and CIM analysis or by only CIM analysis were used to estimate the most likely QTL positions on the linkage map. In addition, two-factor analysis of variance (Lark et al. 1994 (Lark et al. , 1995 was used to detect epistatic interaction between all the pairs of QTLs. Multiple regression analysis was used to estimate the interaction effects between QTLs and additive effect of each QTL. To estimate each effect and the proportion of variance explained, the genotype of each QTL was determined based on the nearest marker. For statistical analysis other than QTL analysis, we used Excel program with windows operation system for the calculation. The equation for multiple regression analysis was as follows.
where Y i : phenotypic value of each line i, µ: mean of phenotypic value, a: additive effect of QTL1, b: additive effect of QTL2, i AB : effect of interaction between QTL1 and QTL2, ε i : error. X 1 , X 2 and X 3 denote the variables based on the genotype of QTL1 and QTL2, being 1, 1, 1, for A, A, 1, −1, −1, for A, B, −1, 1, −1, for B, A, −1, −1, 1, for B, B. A and B refer to the Misuzudaizu allele and Moshidou Gong 503 allele, respectively. Least square estimation was used to calculate each parameter. R 2 indicates the proportion of variance explained by the combination of these effects. The test of interaction between two QTLs was evaluated by the F-value.
Results
Phenotypic investigations of quantitative traits
All the quantitative traits investigated in this study showed a continuous phenotypic distribution in the RIL population (Fig. 1) . The results indicated that these traits were quantitative traits controlled by multiple loci. The frequency distribution of the seed weight (SWE and SWH) and water absorbability of seed (WAS) fitted to a normal distribution (p > 0.05) when tested by goodness of fit (Gomez and Gomez 1984 ) (data not shown). Furthermore, the phenotypic distribution of the flowering time (FT), maturity (HAV), reproductive period (RP), viability of seed (VIS) and water absorbability of seed (WAS), included transgressive segregants compared to parents, indicating that at least one of the parents carried the alleles for the opposite effect, while the parental phenotypic values of the seed weight were located at both ends of the distribution.
The value of broad-sense heritability for the flowering time which was calculated based on the phenotypic correlation between the data of 1999 and 2001 was 0.96, indicating that this trait was characterized by a high environmental stability. In contrast, the low value of the heritability of seed weight, 0.55, indicated that this trait was more readily affected by environmental conditions compared to the flowering time.
Construction of linkage map based on RILs
Based on the RIL F 8 generation, a genetic linkage map with 177 RFLP, 150 SSR, 28 AFLP markers and 5 phenotypic markers (total 360) was constructed (Fig. 2) . The map covered a distance of 2663.6 cM of the soybean genome using the Kosambi function, comprising 20 linkage groups. This map showed the same order of most of the markers as that in the F 2 linkage map (Yamanaka et al. 2001 ) and integrated linkage map (Cregan et al. 1999 , Song et al. 2004 . The average distance between two adjacent marker loci was 7.89 cM.
In this population, the segregation ratio of each genetic locus coincided with the Mendelian segregation ratio. However, some of the loci showed a segregation distortion for the expected segregation ratio of 1 : 1. These loci were located on the linkage map (Fig. 2) . The segregation distortion in the region, especially on the linkage groups A1, L and M, may be due to the factors that had influenced the allelic distribution during the process of generation of this population. Most of the co-dominant markers had a few heterozygous alleles and these rates were likely to fit to the theoretical expected rates (data not shown). The mean and range of allelic frequency of Misuzudaizu in this population were 50.9 ± 7.4 %, and 33.2 % to 71.5 %, respectively.
QTL analysis for quantitative traits
For all the traits, the major effective QTLs were detected, and the positions of all the QTLs were located on the linkage map (Fig. 2) . The information about the position and effects of these QTLs is summarized in Table 2 . A total of 39 QTLs were identified for 8 traits determined in this study. Twenty-eight QTLs were detected in nearly the same regions of the linkage map by both IM and CIM analysis.
For the flowering time (FT), three QTLs were detected generally based on the phenotypic data obtained during the two-year period. FT1 and FT2 could be detected by both IM and CIM analysis, while the peak of FT3 could be detected by CIM analysis only. The phenotypic variance explained by FT1 for the flowering time was 67.4 % and it was the highest value for all the QTLs detected. For the maturity (HAV) and the reproductive period (RP), four QTLs (HAV1-4), and three QTLs (RP1-3) were detected, respectively. QTLs for the above characters, FT1, HAV1 and RP2 were detected close together in the region of LG C2. Similar associations were observed between FT2 and HAV3 (on LG O), RP1 and HAV2 (LG C1), and, RP3 and HAV4 (LG A2). We detected three QTLs for seed hardness (RAS) at the proximal position by both IM and CIM analysis (RAS1-3). As shown in Figure1, the phenotypic distribution was highly skewed, and appeared to follow a poisson distribution. The phenotypic data of seed hardness were subject to arc sine transformation, but the results of QTL analysis were identical between raw and transformed data.
For the viability of seed (VIS), five QTLs (VIS1-5) were detected. Two out of the five QTLs were located close to the phenotypic markers Dt1 and I, respectively. The most effective QTL was located on Dt1 with a contribution level of variance of 18.5 %. The other QTLs showed a contribution rate of variance of around 3.8 % to 5.9 %.
For the germination rate of seed, the major QTL (GRS1) and second effective QTL (GRS2) were identified at the same location as that of RAS1 and VIS1, respectively, while other QTLs (GRS3-4) were detected at different loci from those of RAS and VIS.
Although we expected that water absorbability of seed would be associated with seed hardness, these two traits showed a low correlation (r 2 = 0.05). The QTLs for water absorbability of seed were detected at different loci in the soybean genome except for WAS1 on LG C2. Although WAS1 was located at almost the same position as that of RAS1, it showed a low contribution rate for phenotypic variance (14.1 %).
For the seed weight (SWE and SWH), we analyzed the data sets collected over a two-year period. However, the QTLs detected did not correspond to each other. Twelve QTLs were detected and indicated on the linkage map. Especially among all the detected QTLs, SWE4 and SWH3, SWE5 and SWH2 were located in nearly the same regions on LG B2 and K, respectively. The proportion of phenotypic variance explained by individual QTLs for seed weight ranged from 4 % to 12 %. The numbers on the left-hand side of each linkage group indicate the genetic distance from the top of each linkage group using the Kosambi function. Markers are denoted as follows: RFLP markers, bold letters; SSR markers, normal letters; AFLP markers, italic letters; phenotypic markers, bold italics. Interaction analysis between detected QTLs Based on the genotype of the nearest marker to each QTL (Table 2) , we analyzed the interaction between QTLs, using two-way classification of ANOVA. Nine out of seventy-one combinations of QTLs displayed interactions between QTL loci. To estimate the additive effects, effects of epistasis, and contribution rates for phenotypic variance, we used a multiple regression analysis (Table 3 and materials and methods).
For the QTLs of the flowering time, all the combinations of QTLs showed epistasis. These results indicated that there was a strong interaction among the effects of FT1, FT2 and FT3. When the genotype of the FT1 locus was fixed, the differences between FT2 genotypes were 12.4 days (with Misuzudaizu genotype FT1/FT1) and 2.3 days (with Moshidou Gong 503 genotype ft1/ft1), respectively. Similarly in the FT3 genotype, the differences were 9.3 days (with Misuzudaizu genotype FT1/FT1) and 0.5 days (with Moshidou Gong 503 genotype ft1/ft1), respectively. Estimated effect of each QTL corresponded to the QTL analysis, and multiple correlation coefficients of FT1 and FT2, and FT1 and FT3 accounted for 79.6 % and 74.1 % of the phenotypic variance of flowering time, respectively.
Interaction between HAV1 and HAV3 was identical with that of FT1 and FT2. Moreover, other combinations of QTLs also showed epistatic interaction, that is RP1 and RP2, Each QTL was detected between the first marker and the second one. Each position shows the distance from the top of each linkage group. Each LG corresponds to the linkage group shown in Figure 1 . Additive effects of each QTL are those of Misuzudaizu allele in contrast to Moshidou Gong 503 allele. R 2 shows the proportion of the variance explained by each QTL. Two data were presented when a QTL was detected by IM (interval mapping) and CIM (composite interval mapping) analysis.
1) The same marker and position detected by IM are omitted in each column. Asterisk above the markers show the nearest marker from each QTL and the genotypes of these markers were used for statistical analysis. The model formula of this analysis was described in materials and methods of the text. Genotypes of each QTL were determined by the nearest marker shown in Table 2 . All coefficients in the model denote the following: µ: mean of phenotypic value, a: additive effect of QTL1, b: additive effect of QTL2, i AB : effect of interaction between QTL1 and 2. The interaction between two QTLs was confirmed by F-test. These results correspond to that of two-way classification ANOVA. 
Discussion
In our study, a linkage map of soybean based on a RIL population could be constructed, which showed linkage groups corresponding to the soybean chromosome number (n = 20). Furthermore, many loci could be detected as QTLs for reproductive development and seed quality traits. Compared with previous maps, this map was estimated to provide 80 % to 90 % of the coverage of the soybean genome. Although most markers showed normal segregation ratios, a few markers exhibited segregation distortions. We compared these regions with a F 2 linkage map that showed a large segregation distortion region on linkage group J (Yamanaka et al. 2003) . No marker on LG J showed segregation distortion in the RIL population. However, markers in the region of LG L (Satt156-GM267) were commonly skewed in both F 2 and RIL populations. Although, we could not determine the reasons for the disappearance of this large segregation distortion region of LG J, in rice, segregation distortion changed with the generations analyzed (Harushima et al. 1996) .
Flowering time and maturity (r 2 = 0.73), and maturity and reproductive period (r 2 = 0.79) displayed high correlation coefficients. Among the detected QTLs related to these traits, the same gene might underlie FT1, HAV1 and RP2 that were detected proximally in the same region of LG C2. Similarly, we considered that FT2 and HAV3 (on LG O), HAV2 and RP1 (LG C1) and RP3 and HAV4 (LG A2) were associated with each other by the common genes, respectively. These facts indicate that the flowering time and reproductive period are controlled by a differential pathway. All the QTLs for the flowering time, maturity, and reproductive period corresponded to known QTL loci (Yamanaka et al. 2001 , Orf et al. 1999a .
Unexpected correlation between flowering time and germination rate (r 2 = 0.5) was observed. RAS1, FT1 occurred at the same location (on LG C2), and in this region, some QTLs of other traits (SWH1, WAS1) were also located. This result shows that several genes were closely linked and/ or that there was a pleiotropic gene in this region. In other studies using a large genomic library of soybean, it was suggested that this region might be characterized by a large physical distance compared with the genetic distance (Xia personal communication).
Imbibition is the first step in the successive processes associated with the breaking of seed dormancy. Seed hardness is controlled by the seed coat character. In a previous study, it was showed that the I locus which was defined based on a qualitative traits related to the hilum color and seed pigmentation controlled by the chalcone synthase (CHS) gene family, was the QTL with the highest correlation with seed hardness (Todd et al. 1996 , Keim et al. 1990 ). The most effective QTL for seed hardness detected in this study was located in the region near the T locus (RAS1). Toda et al. (2002) showed that the T locus encodes the flavonoid 3′-hydoxylase gene which controls the pubescence color of stem. T and I cooperate for the hilum color and seed pigmentation and may be associated with seed hardness and other seed characters.
Regarding the QTLs for seed weight, only two QTLs were detected over a period of two years. Seed weight is very readily affected by environmental conditions, and previous data showed that polygenic influence resulted in a large number of QTLs (Lee et al. 1996 , Brummer et al. 1997 . Compared with the previous study, SWH3 and SWE4 on LG B2, SWH1 on LG C2, SWE3 on LG E, SWH6 on LG F, and SWH2 and SWE5 on LG K might be identical with the QTLs previously reported (Mansur et al. 1996 , Orf et al. 1999a , Hoeck et al. 2003 . The other QTLs detected on LG D1b, H, I and M were unique in this population. Brummer et al. (1997) classified QTLs into two types: environmentally stable QTLs, which were detected in different environments, and environmentally sensitive QTLs, which were found in only one environment. The environmentally stable QTLs may be suitable for marker-assisted selection for breeding programs. Additionally, many epistastic interactions between QTLs were observed in this population. For marker-assisted selection for breeding, the simultaneous application of many markers, in taking account of epistasis, will lead to a highly effective selection of phenotypes.
For further analysis of these QTLs, fine mapping and map-based cloning of each QTL are necessary. The mapping of QTLs in a segregation population shows a limited resolution, because QTLs can be mapped with a precision of about 10-20 cM. Because the accuracy of QTL analysis depends on the heritability of each QTL and size of population, an additional strategy is required to determine more precisely the position of QTLs. The use of near-isogenic lines (NILs) that are developed by backcrossing and differ at a single QTL can be an effective approach for the fine mapping and characterization of individual loci. However, this method is time-consuming and laborious for the development of NILs in soybean. Residual heterozygous lines (RHLs) derived from recombinant inbred lines display a segregated region in a genome where a certain QTL is located. RHLs are isogenic at the majority of the loci in the genome. Heterozygous region can lead to segregation of a phenotypic trait controlled by a single genetic region in the progeny of this family (Yamanaka et al. unpublished data) .
Although Tasma et al. (2003) mapped flowering time gene homologs of Arabidopsis in soybean, most of them were not associated with E loci. Therefore, further analyses should be performed to identify QTLs for flowering time. We have developed RHLs for FT1, FT2 and FT3 and fine mapping of these QTLs is underway. Additional RHLs for other QTLs related to important traits, for example seed components, will be developed in the near future.
